ORAOV1 (oral cancer overexpressed) is overexpressed in many solid tumours, making a key contribution to the development of cancer, but the cellular role of ORAOV1 is unknown. The yeast orthologue of this protein is encoded by the hitherto uncharacterized essential gene, YNL260c. Expression of ORAOV1 restores viability to yeast cells lacking YNL260c. Under nonpermissive conditions, our conditional mutants of YNL260c are defective in the maturation of the 60S ribosomal subunit, whereas maturation of the 40S subunit is unaffected. Also, initiation of translation is abrogated when YNL260c function is lost. YNL260c is indispensible for life in oxygen, but is nonessential under anaerobic conditions. Consequently, the toxic affects of aerobic metabolism on biogenesis and function of the ribosome are alleviated by YNL260c, hence, we rename YNL260c as LTO1; required for biogenesis of the large ribosomal subunit and initiation of translation in oxygen. Lto1 is found in a complex with Rli1/ABCE1, an ATP-binding cassette (ABC)-ATPase bearing N-terminal [4Fe À 4S] clusters. Like Lto1, the Rli1/ABCE1 [4Fe À 4S] clusters are not required for viability under anaerobic conditions, but are essential in the presence of oxygen. Loss of Lto1 function renders cells susceptible to hydroperoxide pro-oxidants, though this type of sensitivity is specific to certain types of oxidative stress as the lto1 mutants are not sensitive to an agent that oxidizes thiols. These findings reflect a functional interaction between Lto1 and the Rli1/ABCE1 [4Fe À 4S] clusters, as part of a complex, which relieves the toxic effects of reactive oxygen species (ROS) on biogenesis and function of the ribosome. This complex also includes Yae1, which bridges the interaction between Lto1 and Rli1/ABCE1. Interactions between members of this complex were demonstrated both in vivo and in vitro. An increased generation of ROS is a feature shared by many cancers. The ORAOV1 complex could prevent ROS-induced ribosomal damage, explaining why overexpression of ORAOV1 is so common in solid tumours.
INTRODUCTION
One of the most prevalent amplified regions associated with human cancer is chromosomal band 11q13, observed in 45% of oral squamous cell carcinomas and 50% of squamous cell carcinomas of the head and neck. [1] [2] [3] Moreover, 11q13 amplification occurs in upto 20% of other carcinomas including those of the breast, bladder and pancreas, 4 and is associated with poor prognosis. 5 It is clear that the long arm of chromosme 11 harbours a cluster of oncogenes. The genes within 11q13 could serve as prognostic markers as well as therapeutic targets, so there will be a benefit derived from understanding the biology associated with the amplified genes.
The 11q13 core includes 14 genes, one of which is CCND1, encoding cyclin D1. CCND1 was thought to be the principal oncogenic driver given its role in promoting the G1/S transition. ORAOV1 (oral cancer overexpressed, also known as TAOS1, tumour amplified and overexpressed sequence) lies adjacent to CCND1. RNA interference-mediated silencing of ORAOV1 in HeLa cells inhibits cell growth and colony formation, leading to programmed cell death via activation of both the death receptor and the mitochondrial apoptotic pathways. 6 Little else is known about the biology of ORAOV1, which now joins CCND1 as an 11q13-associated driver of cancer. ORAOV1 has been conserved across the eukaryotic lineage, including the baker's yeast Saccharomyces cerevisiae where the orthologue of ORAOV1 is designated as YNL260c, an essential yeast open reading frame (ORF) of hitherto unknown function. YNL260c encodes a 23 kDa polypeptide, lacking any motifs in the primary structure that would allow us to infer function. Using conditional alleles of YNL260c, we show that the corresponding protein is essential for both maturation of the 60S ribosomal subunit and initiation of translation. YNL260c is essential under aerobic conditions, but is not required when cells are maintained anaerobically. 7 A yeast strain lacking YNL260c only grows under anaerobic conditions; this strain fails to export the ribosomal 60S subunit from the nucleus once the cells are shifted to an aerobic environment. The same phenotype is displayed by conditional mutants of YNL260c, when they are shifted to nonpermissive conditions. We have renamed YNL260c as LTO1 (required for biogenesis of the large ribosomal subunit and initiation of translation in oxygen), and we refer to this ORF as LTO1 from now on. Lto1 could alleviate the toxic effects that are a consequence of aerobic metabolism, namely the action of reactive oxygen species (ROS). Such a protective effect might explain why ORAOV1 (the mammalian LTO1 orthologue) is overexpressed in tumours, because levels of ROS are raised in many types of cancer cells in comparison with their normal counterparts.
RESULTS

Conditional mutants of Lto1 generated by error-prone PCR
The primary amino acid sequence of human ORAOV1 is 17% identical to that of Lto1. The homologous relationship between these genes is reinforced by overexpression of human ORAOV1 restoring growth to yeast cells lacking LTO1 (Figure 1a ). For functional analysis of LTO1, we generated conditional lethal alleles. Twenty-three temperature sensitive (ts) lto1 ts mutants were isolated, three of which, lto1-1 ts, lto1-9 ts and lto1-23 ts exhibited a robust temperature sensitive phenotype (Figure 1b) . The amino acid substitutions were: lto1-1 ts F54L, V93D, N139D, R170G; lto1-9 ts E47G, L55P, K119E, H149L, E183G and lto1-23 ts K24R, E47G, Q86R, V93A, F130L, L137S and N182S.
Lto1 is part of a complex that includes Yae1 and the ABC-ATPase ABCE1/Rli1 S.cerevisiae proteome-wide interaction data sets generated by TAP-tag pull-downs, indicate an interaction with Yae1, an essential protein of unknown function. 8 Lto1 and Yae1 are found in a complex, which also contains Rli1, 9 the homologue of the human ATP-binding cassette (ABC)-ATPase ABCE1, which has essential roles in maturation/nuclear export of both the large (60S) and small (40S) ribosomal subunits, 10,11 initiation of translation, 12 termination of translation 13 and post-termination ribosomal recycling.
14,15 TAP-tag data sets reveal a complex bearing Rli1, Yae1 and Lto1, but it is not clear which of the proteins form direct interactions. This was addressed by assessment of pairwise interactions in vivo using the yeast two-hybrid trap. Yae1 could interact with both Lto1 (Figure 2a ) and Rli1 (Figure 2b ). An interaction between Lto1 and Rli1 was not detected (not shown), suggesting that interaction between Lto1 and Rli1 is bridged by Yae1. Not surprisingly, the human homologues of Lto1 and Yae1 also associate with each other (Figure 2c ).
Functional interaction between LTO1, YAE1 and RLI1 More importantly, these physical interactions are biologically relevant because overexpression of either YAE1 or RLI1 rescues the null-growth phenotype of the lto1 ts mutants at nonpermissive temperature (Figures 3a and b) . Suppression by RLI1 is weaker than that exhibited by YAE1 (Figure 3a) . This is not surprising given Figure 1 . Growth arrest phenotype of lto1 ts mutants. (a) lto1D bearing LTO1 on a centromeric URA3 vector was transformed with a multicopy LEU2 vector bearing the ORFs indicated, under the control of the MET25 promoter. Transformants were grown at 25 1C to exponential phase and diluted to equal cell density. Six-fold serial dilutions were spotted in the direction shown by the arrow, on medium lacking methionine followed by incubation for 10 days at the temperature indicated. The media also contained 5-fluoroorotic acid (5-FOA), to select for cells that had lost the URA3 vector. (b) All strains lack the genomic copy of LTO1; viability is maintained by a copy of the wild-type or mutant allele (indicated in the centre) on a centromeric vector. Strains were inoculated onto rich media (YPD) and incubated for 3 days at the temperature indicated. that Rli1 association with Lto1 is not direct, but is bridged by Yae1. Nevertheless, dosage suppression of lto1 ts by RLI1 is clear when using a sensitive spot assay to assess cell viability (Figure 3b) . A green fluorescent protein (GFP) À Lto1 fusion, expression of which is controlled by the native LTO1 promoter, is found in the nucleus (Figure 4 ). Rli1 is located in both the nucleus and the cytosol. 11 A proteome-wide localization screen revealed that Yae1 is distributed across the same cellular compartments. 16 Lto1 may also display dual localization, but low expression levels may preclude detecting the GFP À Lto1 fusion in the cytosol by fluorescence microscopy.
Interaction between the members of this complex was confirmed by immunoprecipitation. Both Yae1 À 18xMyc and Lto1 À 18xMyc coimmunoprecipitate with Rli1 À 6xHA ( Figures  5a and b) . Moreover, neither Yae1 À 8xMyc or Lto1 À 8xMyc are detected in the fraction unbound by anti-HA beads (Figures 5a  and b) , suggesting that all of the cellular Yae1 and Lto1 is bound to Rli1. As expected, immunoprecipitatation with anti-HA in lysates from the background expressing Lto1 À 18xMyc and Yae1 À 6xHA, indicates a strong physical association between these two proteins ( Figure 5c ). In this case, the Yae1 À 6xHA was not detectable in the input sample, even when a high affinity HA antibody was used to probe the western blots. The most likely explanation for this being the low abundance of Yae1, estimated to be 1500 molecules per cell, in contrast to Sba1 (used as a negative control for specificity of binding to anti-HA beads, Figure 5 ) which is over 20 times more abundant. 17 However, Yae1 À 6xHA was detectable once eluted from anti-HA beads, owing to the concentrating effect of immunoprecipitation. A complex where Yae1 bridges the interaction between Lto1 and Rli1, explains why epitope tagged Rli1 coimmunoprecipitates with Yae1 and Lto1, but a yeast two-hybrid assay does not detect a direct physical interaction between Rli1 and Lto1.
Lto1 is required for both maturation of the ribosomal 60S subunit and initiation of translation Our data suggest that Lto1 and Yae1 are part of a complex, featuring Rli1 as the principal catalytic component. Rli1 is a highly conserved ABC-ATPase, which bears an N-terminal iron-sulphur (Fe À S) cluster domain. Phenotypes associated with loss of Rli1 function should significantly overlap with the phenotypes of lto1 ts mutants. There is a reduction in the abundance of the large (60S) ribosomal subunit when cells are depleted for Rli1. 12 The lto1 ts mutants display the same phenotype when shifted to the nonpermissive temperature ( Figure 6 ). Also, there is a clear reduction in both size and abundance of polysomes when Lto1 function is lost (Figure 6 ), indicating a defect in the initiation of translation. The polysomes/monosome (P/M) ratio falls by 44% when lto1 ts cells are shifted from permissive to nonpermissive temperature, this in contrast to a reduction of only 9% in P/M ratio displayed by wild-type cells treated in the same way. A fall in P/M ratio is also seen when Rli1 function is compromised. 12, 18 This defect in translation initiation is more significant than the P/M ratios suggest, because the polysome gradient from lto1 ts mutants shifted to nonpermissive conditions features a dramatic reduction in the 80S peak as well, in contrast to wild-type cells ( Figure 6 ). In wild-type cells under all conditions, and in mutant cells maintained under permissive conditions, abundance of doublet, (a) The wild-type and lto1 ts mutant strains were transformed with a multicopy vector (V) bearing the ORFs indicated, under the control of the MET25 promoter. Gene expression was induced by inoculating on medium lacking methionine followed by incubation for 3 days at the temperature indicated. (b) lto1-1 ts transformed with a vector bearing the ORFs indicated, under the control of the MET25 promoter were grown at 25 1C to exponential phase and diluted to equal cell density. Six-fold serial dilutions were spotted in the direction shown by the arrow, on medium lacking methionine, followed by incubation for 3 days at the temperature indicated.
triplet and quadruplet polysomes increases. When mutant cells are shifted to nonpermissive temperature, the abundance of the same species of polysomes is reversed, as indicated by the negative gradient of the arrow annotating the lto1-1 ts 37 1C polysome trace in Figure 6 .
In eukaryotes the small (40S) and large (60S) ribosomal subunits are assembled in the nucleus, and then separately exported to the cytoplasm. 19 A well-established assay for biogenesis and nuclear export of 40S and 60S subunits is localization of ribosomal protein À GFP fusions, which always accumulate in the nucleus when assembly of ribosomal subunits is disturbed. 20, 21 When Rli1 function is lost, both the 60S subunit reporter Rpl25 À GFP and the 40S subunit reporter Rps3 À GFP, accumulate in the nucleus. 10, 11 A clear nuclear accumulation of Rpl25 À GFP accompanies loss of Lto1 function, in contrast to the normal cytosolic localization in wild-type cells (Figure 7a ). Nuclear export of Rps3 À GFP, on the other hand, is unaffected ( Figure 7b ).
In the absence of Lto1, maturation of the ribosomal 60S subunit and initiation of translation will not occur in the aerobic environment Genome-wide analysis reveals that LTO1 is essential for growth under aerobic conditions, but is nonessential when cells are 
Yae1-18xMyc
Rli1-6xHA Yae1-18xMyc
Lto1-18xMyc Whole cell extracts were prepared from the strains indicated, growing in exponential phase at 30 1C in YPD, and immunoprecipitated using anti-HA conjugated to agarose beads. The following fractions were subjected to western analysis using antibodies against HA, Myc and Sba1: (I) one-tenth of the input sample, (S) one-tenth of supernatant fraction. Bound protein associated with the agarose bead pellet (P) was eluted by incubation with HA peptide, with the eluate being split into three equal aliquots for detection by the three antibodies listed above. Sba1 is a cytosolic protein not expected to bind to anti-HA. *Note that in lysates from the Lto1-18xMyc Yae1-6xHA strain (c) low abundance of Yae1 precludes its detection in the input sample. Yae1-6xHA is only detected once eluted from the agarose beads, owing to the concentrating effect of immunoprecipitation.
An essential role for ORAOV1/Lto1 in ribosome biogenesis C Zhai et al maintained anaerobically. 7 The action of Lto1 could alleviate toxic effects associated with aerobic metabolism, which are associated with the inevitable generation of ROS. In agreement with this is the finding that lto1 ts mutants are sensitive to hydrogen peroxide and cumene hydroperoxide (Figure 8 ). The mutants are not sensitive to diamide, which indirectly leads to elevated levels of ROS via oxidation of thiols. 22 Though the lto1D strain is not viable in the presence of oxygen, it can be maintained anaerobically. Shifting lto1D from the anaerobic to the aerobic environment was accompanied by accumulation of the 60S ribosomal subunit in the nucleus, whereas the 40S subunit was unaffected ( Figure 9 ). Immediately after the anaerobic to the aerobic shift, the level of polysomes was very low in both the wild-type and lto1D strains, reflecting the slow growth rate of cells maintained anaerobically. However, by 2 h after the shift, both the abundance and size of doublet, triplet and quadruplet polysomes increased in the wild-type cells, reflecting an increase in the rate of initiation of translation. At the same time point, the lto1D strain exhibited an increase in abundance of polysomes, but a negative gradient of doublet, triplet and quadruplet polysomes, indicating an initial burst of initiation, which was not followed by new initiation events (see arrows in Figure 10 ). By 4 h after the anaerobic to aerobic shift, abundance and size of polysomes increased still further in the wild-type. In contrast, both abundance and size of polysomes in the lto1D strain diminished, indicating that initiation of translation has been completely prevented ( Figure 10 ). Assessing initiation of translation by P/M ratios is misleading in this case, because the 80S monosome peak falls dramatically after the aerobic shift, in both the wild-type and mutant, and then begins to recover in the wild-type but not the mutant. This must be due, at least in part, to the defect in 60S subunit biosynthesis in the lto1D background ( Figure 9 ).
The Fe À S cluster of Rli1 and Lto1, are required for viability in the aerobic environment Toxicity of the aerobic environment to maturation of the 60S subunit, is novel and unexpected. Though not required in the anaerobic environment, Lto1 is essential in the presence of oxygen, most likely owing to a role in alleviating the toxic effects of ROS. Moreover, it is likely that Fe À S clusters bound to the N-terminus of Rli1 are intimately associated with protection conferred by Lto1 against ROS-mediated damage. Viability is not supported by Rli1 mutants with substitutions of cysteine residues that eliminate association with the Fe À S clusters 11, 23 However, if the Fe À S clusters have a role in the response to ROS, then we predict that such mutants would support viability in an environment that is ROS-free. This turns out to be the case. An Rli1 C25S mutant that cannot bind Fe À S clusters is viable only when maintained anaerobically (Figure 11a ). The Rli1 Fe À S clusters and LTO1 itself (Figure 11b ) are essential for maintenance of viability in the presence of oxygen.
DISCUSSION
ORAOV1 is the homologue of YNL260c, an essential S.cerevisiae ORF of unknown function. Expression of ORAOV1 restores viability to yeast cells lacking YNL260c, prompting our attempt to determine the role of ORAOV1 by assessing the effects of compromising function of its yeast orthologue. We show that YNL260c is required for both maturation of the large subunit of the ribosome and initiation of translation. Moreover, YNL260c function is not essential when cells are maintained under anaerobic conditions, but the gene becomes essential when cells are shifted to the aerobic environment. Hence, we rename YNL260c as LTO1, required for the biogenesis of the large ribosomal subunit and initiation of translation in oxygen.
Lto1 is part of a complex that contains Yae1 and the Fe À S cluster containing ABC-ATPase Rli1, which is involved in biosynthesis of the ribosome as well as several aspects of ribosome function. Depletion of Rli1 leads to nuclear accumulation of both the 40S and 60S ribosomal subunits, which is not surprising as processing of pre-rRNAs associated with both subunits is impaired when Rli1/ABCE1 function is lost. 10 Loss of Lto1 function leads to nuclear accumulation of the large 60S ribosomal subunit, whereas the 40S subunit is unaffected. Biogenesis of 40S and 60S subunits begins with the transcription of the 35S rRNA common precursor, assembled with early ribosomal proteins into the 90S particle. The pathway splits after cleavage of the 35S rRNA, yielding pre-40S and 60S particles. A complex maturation pathway leads to the formation of a 40S subunit bearing the 18S rRNA, and a 60S subunit bearing the 5.8S and 25S rRNAs (plus a 5S rRNA transcribed separately). Lto1 could divert a nuclear pool of Rli1 to the pathway that forms the rRNAs associated with the 60S subunit. Biogenesis of the 40S subunit is not affected when Lto1 function is lost, so it is possible that another Lto1-independent pool of Rli1 is diverted to the maturation pathway of the 40S-associated rRNAs. Lto1 has a very high isoelectric point (pI 10.27), a feature shared by many proteins that bind nucleic acids, so association between Lto1 and rRNA could be direct.
Initiation of translation occurs via interplay between the 40S subunit and the eukaryotic initiation factors. Association of the initiator methionyl tRNA, elF2 and GTP to this ribosomal subunit forms the 43S preinitiation complex. Though Lto1 does not have a role in 40S biogenesis, it could have a role in function of this subunit, as evidenced by initiation of translation being severely abrogated when Lto1 function is lost. Indeed, most cellular Rli1/ ABCE1 is bound by the 40S as opposed to 60S subunits. 
Depletion of Rli1/ABCE1 leads to the inhibition of 43S preinitiation complex assembly. The result is a concomitant decrease in polysome content, a phenotype also displayed when Lto1 function is lost. The precise role of Rli1/ABCE1 in initiation of translation is poorly characterized, but involves its interaction with three eukaryotic initiation factors, 12 an interaction, which may be facilitated by Lto1. The P/M ratio is frequently used as an indicator of initiation of translation. This is not a useful index for initiation in lto1 mutants, because loss of Lto1 function abrogates release of 60S ribosomal subunits into the cytosol, which will limit formation Figure 8 . Loss of Lto1 function increases susceptibility to oxidative stress. lto1 ts mutants and the isogenic wild-type were grown at 25 1C to exponential phase and diluted to equal cell density. Six-fold serial dilutions were spotted in the direction shown by the arrow, on rich (YPD) media with or without the pro-oxidants indicated, followed by incubation at 32 1C for 5 days. Stock solutions of cumene hydroperoxide are diluted in N,N-dimethyl formamide, necessitating a spot assay on media containing the diluent only (second row, far left panel). . Maturation/export of the 60S ribosomal subunit in the lto1D background will not occur in the aerobic environment. Reporters for the 60S subunit (Rpl25 À GFP) or the 40S subunit (Rps3 À GFP) were expressed in a strain lacking a genomic copy of LTO1, the viability of which was maintained by LTO1 on a centromeric URA3 vector (these strains are annotated as LTO1 in the figure). The same strains were then grown on solid media in an anaerobic jar for 10 days at 30 1C on selective media containing 5-FOA, in order to select for cells that had lost the vectorborne copy of LTO1. These strains were then maintained on uracil-free media (still in the anaerobic environment) in order to confirm loss of the URA3 vector. This gave rise to two lto1D strains, one expressing the 60S reporter and the other expressing the 40S reporter (these strains are annotated as lto1D in the figure). These lto1D strains are only viable in the anaerobic environment. The LTO1 and lto1D strains were innoculated onto YPD and grown anaerobically. All cultures were removed from the anaerobic jar, inoculated into YPD liquid media and maintained in the aerobic environment. (a) Rpl25 À GFP and (b) Rps3 À GFP fusions were visualized by fluorescence microscopy immediately after removal from the anaerobic jar (0) and then at 2, 4 and 6 h thereafter. (c) A wide field of view is presented for the LTO1 and lto1D strains bearing the Rpl25 À GFP fusion at 6 h post anaerobic to aerobic shift.
An essential role for ORAOV1/Lto1 in ribosome biogenesis C Zhai et al absence of oxygen. 7 We suggest that Lto1 is essential in the aerobic environment because the ROS associated with aerobic metabolism exert a catastrophic effect on maturation of the 60S ribosomal subunit. The Rli1/Lto1/Yae1 complex could have a role in surveillance and/or response to oxidative damage of the 60S subunit. This is plausible because exposure of yeast to hydrogen peroxide leads to degradation of 60S-associated rRNA, yet little detectable degradation of the rRNA associated with the 40S subunit. 24 This reflects our data ( Figure 10) showing that maturation of the 60S subunit is prevented when lto1D is transferred from the anaerobic to the aerobic environment, whereas 40S localization is unaffected. Also, disturbing the redox state by means other than using reactive oxygen intermediates has a similar affect on ribosomal homoeostasis. For example, deletion of TRR1, which encodes the cytosolic thioredoxin reductase, leads to reduction in levels of the 60S subunit.
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Lto1 mutants are sensitive to hydroperoxides, but not to diamide. Therefore, the defect associated with loss of Lto1 function is not a general sensitivity to oxidative stress. Diminished Lto1 function could compromise signalling cascades that respond to pro-oxidants like hyderoperoxides but not other types of prooxidant like diamide. This is plausible given that no single oxidant represents all types of oxidative stress, as evidenced by genomewide screens revealing different genes are required to limit the damage caused by specific types of pro-oxidant. 26 The N-terminal domain of Rli1 bears two [4Fe À 4S] clusters, both are needed for the essential function of Rli1. Point mutation in one of the [4Fe À 4S] binding motifs prevents association with both clusters. The clusters make no contribution to the stability of Rli1.
11 Both clusters have low redox potentials, 23 suggesting they have structural as opposed to redox active roles. Predicting the possibility of redox roles for Fe À S clusters is not straightforward. For example, the [4Fe À 4S] clusters in DNA repair glycosylases were originally thought to have structural roles. However, binding to DNA shifts redox potential of the clusters to within the range that enables their action as electron and oxygen responsive molecular switches on nucleic acid. 27, 28 Accordingly, the [4Fe À 4S] clusters could become redox active after binding to other components of Rli1 complexes. Such a redox active role is likely because the Rli1 C25S polypeptide, which is free of [4Fe À 4S] clusters, can support viability in the anaerobic environment, whereas it will not support viability in the presence of oxygen (Figure 11a ). Like Lto1 and Yae1, the Rli1/ABCE1 [4Fe À 4S] clusters are dispensible under anaerobic conditions, but indispensible in the presence of oxygen. This shared phenotype could reflect a functional interaction between Lto1, Yae1 and the Rli1 [4Fe À 4S] clusters. A recent study posits Rli1 as a key target of damage by ROS. 29 Sensitivity to pro-oxidants is a consequence of reducing the cellular levels of Rli1, 29 a phenotype also displayed by limiting the function of Lto1 (Figure 8 ). The phenotypes of lto1 ts mutants may be a consequence of damage to Rli1 [4Fe À 4S] clusters, which are especially prone to damage by ROS. Cells can grow without LTO1 provided they are maintained under anaerobic conditions, which would be expected if Lto1 was required for Figure 10 . Initiation of translation in the lto1D background will not occur in the aerobic environment. lto1D bearing LTO1 on a centromeric URA3 vector was transformed with either a centromeric LEU2 vector without insert, or the same vector bearing LTO1 (with expression of LTO1 driven by its native promoter). Transformants were subsequently incubated on selective media with 5-FOA, to select for cells that had lost the URA3 vector. This 5-FOA incubation was carried out under anaerobic conditions so that cells lacking LTO1 could grow. This gave rise to two strains both lacking the genomic copy of LTO1, with one bearing a copy of LTO1 on a LEU2 vector (LTO1) and the other bearing the LEU2 vector without insert (lto1D). Both strains were removed from the anaerobic jar, inoculated into YPD liquid media and maintained in the aerobic environment. Polyribosome traces were generated from cell extracts made immediately after removal form the anaerobic jar (0) and then at 2 and 4 h thereafter. Equivalent amounts of extract, (OD 260 of 2.5) were loaded onto sucrose gradients. Peaks corresponding to the polyribosomes, small and large ribosomal subunits, are indicated. P/M, ratio of total polysomes to 80S monosomes. The arrows indicate the gradient of successive polysome peaks. Figure 11 . The Fe À S clusters of Rli1 are not esssential for viability, provided cells are incubated anaerobically. (a) An rli1D strain bearing RLI1 on a centromeric URA3 vector was transformed with either a centromeric LEU2 vector without insert, or the same vector bearing wild-type RLI1 or the rli1 C25S mutant (with expression of the RLI1 allele driven by its native promoter). Transformants were subsequently incubated on selective media with 5-FOA under aerobic or anaerobic conditions and incubated for 5 days at 30 1C. (b) lto1D bearing LTO1 on a centromeric URA3 vector was transformed with either a centromeric LEU2 vector without insert, or the same vector bearing LTO1 (with expression of LTO1 driven by its native promoter). Transformants were subsequently incubated on selective media with 5-FOA under aerobic or anaerobic conditions and incubated for 5 days at 30 1C.
protecting Rli1 [4Fe À 4S] clusters. However, the relationship between Lto1 and Rli1 is unlikely to be that simple, as the principal target of Rli1-associated ROS damage is the insertion of the [4Fe À 4S] clusters as opposed to oxidation of the clusters that are already associated with Rli1. 29 Rli1 complexes that also include Lto1 could protect both function and biogenesis of the ribosome, from the deleterious effects of ROS. Cancer cells exhibit increased generation of ROS. 30, 31 Lto1 could mitigate against ROS-induced ribosomal damage, explaining why overexpression of ORAOV1, the human orthologue of LTO1, is so common in solid tumours.
MATERIALS AND METHODS
Strains, plasmids and media Table 1 lists yeast strains used in this study. Plasmids are described in the appropriate sections below. Strains were grown in either rich (YPD) or synthetic minimal media (SD) with appropriate supplements for plasmid maintenance. 32 Isolating conditional alleles of YNL260c/LTO1. The heterozygous LTO1/ lto1D diploid Y26467 was obtained from the European Saccharomyces cerevisiae Archive for Functional Analysis and transformed with a centromeric URA3 S.cerevisiae/Escherichia coli shuttle vector (pYC3Z) bearing the LTO1 promoter (a fragment 186 bp upstream of the ATG) fused to the LTO1 ORF, followed by the ADH1 transcriptional terminator (a 0.4 kb fragment). The LTO1 promoter and ORF from this vector were then subcloned into a centromeric LEU2 S.cerevisiae/E coli shuttle vector (again bearing the ADH1 terminator), to give pYC1Z. Strain Y26467 was transformed with pYC3Z and then sporulated, followed by subsequent dissection of tetrads and selection of a lto1D haploid (strain ZP0) with viability maintained by the presence of the URA3 vector bearing LTO1 (pYC3Z). Mutations in LTO1 were generated by error-prone amplification of LTO1 using pYC3Z as template, as previously described. 33 Vectors bearing the mutant lto1 alleles were generated by transforming strain ZP0 with (a) the mutant lto1 PCR products plus (b) a large linear fragment from pYC1Z lacking the wild-type LTO1. The two fragments recombine with each other in vivo, owing to the 15 bp overlaps between them. The transformants, selected on SD media lacking both leucine and uracil, possess the pYC3Z URA3 vector, bearing wild-type LTO1, and a LEU2 vector bearing mutated lto1. Those transformants bearing ts mutants of LTO1 were isolated as described previously. 34 Consequently, a series of isogenic lto1D haploid strains were generated, possessing vector-borne copies of wild-type LTO1 (ZPW, Table 1) or lto1 ts alleles (ZP1, ZP9 and ZP23 Table 1 ).
Assessing multicopy suppression by selected ORFs. Candidate ORFs were overexpressed from the vector pY195M, which is a modification of the multicopy episomal URA3 vector YEplac195. 35 The vector bears the MET25 inducible promoter and the transcription terminator from PGK1. ORFs LTO1, YAE1 and RLI1 were amplified from S.cerevisiae genomic DNA, including appropriate restriction sites in the oligonucleotides, and ligated into pY195M, giving vectors pY195-LTO1, pY195-YAE1 and pY195-RLI1, respectively. The vectors were transformed into the ZPW strain, and isogenic strains containing vector borne lto1 ts alleles. Transformants were innoculated to SD plates lacking uracil, leucine and methionine, to induce overexpression of the candidate ORF. Human ORAOV1 was amplified from 
Two-hybrid analysis
LTO1 and RLI1 ORFs were amplified from yeast genomic DNA, including appropriate restriction sites in the oligonucleotides. The PCR products were subcloned into pGAD-C1, 36 to give pAD-Lto1 and pAD-Rli1. YAE1 was cloned into pGBDU-C1 36 to give pBD-Yae1. Vector pAD-Lto1 or pAD-Rli1 were transformed into strain PJ69-4a. Vector pBD-Yae1 was transformed into PJ69-4a. Transformants were mated on YPD for 8 h at 30 1C, and then diploids selected on SD lacking both leucine and uracil. To assess protein À protein interaction, the diploids were innoculated onto SD lacking leucine, uracil and histidine plus an empirically determined concentration of 3-aminotriazole (Sigma-Aldrich, St Louis, MO, USA), that inhibits the activity of the His3 enzyme arising from basal levels of reporter gene expression. The same interaction assay was performed between the human orthologues of Yae1 (pBD-hYae1) and Lto1 (pAD-Oraov1). ORAOV1 was amplified from the Source Bioscience clone described above. hYae1 was amplified from clone ID 473443, corresponding UniProt accession no. Q9NRH1.
Immunoprecipitations
The genomic copies of genes were extended at their 3 0 terminii with DNA encoding either of two epitope tags (18xMyc or 6xHA) by single step integration of a PCR-generated cassette. 37 The templates for the 6xHA and 18xMyc tags were pYM16 38 and myc18-KlURA3 (provided by F. Uhlmann, London Research Institute, London, UK), respectively. The marker genes for selection of the two tags are different, enabling construction of genetic backgrounds, in which two genes are tagged (strains QL2,4 and 5 in Table1). Protein from these strains was extracted by glass bead lysis as described previously, 39 except that the lysis buffer was modified to 20 mM Tris/HCl pH7.5, 100 mM MgCl 2 plus protease inhibitor cocktail (Roche, Rotkreuz, Switzerland). Tagged protein was immunoprecipitated using agarose beads conjugated to monoclonal anti-HA antisera (Sigma). Elution of bound protein using SDS À polyacrylamide gel electrophoresis sample buffer, would also elute the heavy and light chains of the anti-HA antibody. Accordingly, protein was eluted by incubation with 100 mg/ml HA peptide (Sigma) for 30 min at room temperature. 40 Western blots were probed using a mouse monoclonal against Myc (Cell Signalling Technology, Danvers, MA, USA) and a high affinity anti-HA rat monoclonal (Roche).
Ribosomal subunit localization
The ZPW strain and isogenic strains containing vector borne lto1 ts alleles, were transformed with reporter plasmids pRS316 À Rpl25 À GFP 41 or pRS316 À Rps3 À GFP. 42 These are single copy URA3 vectors, from which expression of the GFP fusion is driven by the native promoter corresponding to the tagged gene. Localization studies during anaerobic to aerobic shifts required equivalent vectors bearing LEU2 markers, pRS315 À Rpl25 À GFP 41 and pRS315 À Rps3 À GFP (made by removing the Rps3 À GFP fusion gene and inserting into pRS315).
Polysome profile analysis
Cells were grown in YPD at 25 1C until OD 600 0.6-0.8. Cultures were then subjected to changes in incubation conditions specified in the figure legends, followed by addition of cycloheximide (100 mg/ml) and then cooled on ice for 5 min. Yeast polysome profiles from cell extracts were analysed by sucrose gradient centrifugation as previously described. 43 Equivalent amounts of extract, corresponding to OD 260 of 2.5, were loaded on each gradient. Monosome and polysome peaks were quantified using the National Institutes of Health ImageJ software (NIH, Bethesda, MD, USA). 44 Sensitivity to pro-oxidants Exponentially growing cultures were adjusted to equal cell density (1 Â 10 7 cells/ml) and four successive six-fold serial dilutions were spotted on YPD, with or without the desired concentration of pro-oxidant.
Anaerobic incubation
Inoculated media plates were placed in an anaerobic jar, with an activated AnaeroGen sachet (Oxoid, Hampshire, UK).
Site-directed mutagenesis of RLI1
The heterozygous RLI1/rliD diploid Y24026 was obtained from European Saccharomyces cerevisiae Archive for Functional Analysis and transformed with a centromeric URA3 S.cerevisiae/E coli shuttle vector (pYC3R) bearing the RLI1 promoter (a fragment 662 bp upstream of the ATG) fused to the RLI1 ORF (a 1826 bp fragment), followed by the ADH1 transcriptional terminator (a 0.4 kb fragment). The RLI1 promoter and ORF from this vector were then subcloned into a centromeric LEU2 S.cerevisiae/E coli shuttle vector (again bearing the ADH1 terminator), to give pYC1R. Strain Y26467 was transformed with pYC3R and then sporulated, followed by subsequent dissection of tetrads and selection of a rli1D haploid (strain ZR0) with viability maintained by the presence of the URA3 vector bearing RLI1 (pYC3R). The C25S substitution, in the Rli1 coding sequence of pYC1R, was generated using a site-directed mutagenesis kit (Stratagene, La Jolla, CA, USA) to give vector pYC1Rm.
